This paper presents a multichannel ultrasound focusing delay control method based on a variable-length shift register to solve the problem of using counters that occupy more resources. The proposed method can realize the delay control of the driving signal of each transducer of an ultrasound array and achieve ultrasound focusing. While collecting and storing the input data, the shift register moves the stored data to the right, and the delay control of driving signals of all the channels can start simultaneously by controlling the enabling time of the input signal of the shift register. Using experiments, it is verified that the error of the proposed method is related to the frequency of the delay control clock; the higher the frequency of the delay control clock is, the smaller the error and the diameter of the focal point are. The proposed method uses only one shift register to achieve ultrasound focusing without using additional hardware circuits and thus occupies fewer system resources. The proposed method can be applied in the human-computer interaction, virtual reality, and augmented reality fields.
I. INTRODUCTION
Recently, mid-air three-dimensional (3D) displays have been developed and commercialized, and some of these displays can project a 3D image without any equipment attached to human eyes. For instance, in GrImage [1] , a markerless hand-tracking system allows us to manipulate a projected image using our hands. In such a situation, tactile feedback is required for improving the usability of the systems.
The conventional strategies for providing tactile feedback in free space can be roughly divided into two categories: those that provide contact tactile feedback and those that provide noncontact tactile feedback. Contact tactile feedback [2] , [3] requires contact between the skin and the device, which leads to undesired feelings of touch and constrains the physical movements of users in free space. Therefore, noncontact tactile feedback has become a means to achieve tactile feedback.
Many studies have focused on methods of producing noncontact tactile feedback. One method uses air flow [4] , [5] ,
The associate editor coordinating the review of this manuscript and approving it for publication was Hasan S. Mir. which generates strong pressure near jet nozzles. However, using this method, it is difficult to accurately control the air flow, and the tactile resolution is low; thus, detailed tactile feedback cannot be provided. Another method uses a photoelastic material to convert irradiated laser light into vibrotactile stimuli, so it is a contact method [6] - [8] . The main drawback of this method is that its optical structure is complex, so it can be easily blocked, and the laser may burn the user's skin. Another effective method for achieving noncontact tactile feedback on bare skin is the use of a focused ultrasound [9] - [15] . Due to the low latency, the temporal and spatial variations of texture feelings can be controlled by a phased array, which has good controllability and reproducibility [16] . Because of these characteristics, this method represents a good way to obtain noncontact tactile feedback.
Ultrasound tactile feedback technology can control the time when each transducer starts to emit an ultrasound by controlling the delay time of the driving signal of each transducer in an ultrasound transducer array. Thus, the phase of the ultrasound emitted by all the transducers can be superimposed at a certain position in 3D space to produce a tactile feeling that can be perceived by the human body [17] .
This position is called the focal point. The accuracy of the ultrasound focusing depends on the delay unit.
Several methods have been proposed for implementing signal delay control. One method uses a delay circuit [18] , [19] . This method realizes the delay control of the input signal by an external hardware circuit. However, this method has poor flexibility, and the use of a hardware circuit increases the overall system load, resulting in high power consumption and cost.
Another method for controlling the signal delay is to use a counter [20] - [22] . This method transforms the delay time into the counting value and then starts counting synchronously with the counter. When the preset value is reached, the signal is output. This method can be implemented in two ways: a stored signal method and a real-time signal method.
In the first method, the signal is stored in memory. When the synchronous enable signal is received, the counter begins to count. When the counter reaches a preset value, the signal in the memory is output, and the ultrasound transducer is driven to start emitting the ultrasound. The disadvantage of this method is that additional memory is needed for each channel to store the signal. If one channel stores a 1 s signal waveform, and the sampling rate is 2 MHz, the memory space required is 1 s×2 MHz = 2 M bits. When this method is applied to the delay control of multichannel signals, each channel needs an independent memory space to store the signal, which requires a large amount of storage space.
In the second method, the signal is generated in real time. When a synchronous enable signal is received, the counter begins to count. When the counter reaches the preset value, a clock division module is activated to generate the driving signal. Compared with the stored signal method, this method does not require additional memory to store the signal, and the control module uses fewer resources. If we want to delay the signal by Q clock cycles, we only need a log 2 Q bit counter, which requires fewer resources. However, because the driving signal of each channel is generated independently, each channel needs an independent clock division module, which requires additional logic resources and wiring resources. Therefore, when this method is applied to the delay control of a multichannel signal, fewer resources are used when the number of channels is small. However, when the number of channels is large, the use of a large number of clock division modules increases the occupation of overall system resources, so the total number of resources used by this method is increased; furthermore, the greater the number of channels is, the greater the impact on the total system resources is.
With the aim of solving the aforementioned shortcomings, a multichannel ultrasound focusing delay control method based on a variable-length shift register is proposed. The proposed method uses only one shift register to achieve ultrasound focusing without using additional memory or hardware circuits. While collecting and storing the input data, the shift register moves the stored data to the right, and the delay control of driving signals of all the channels can start simultaneously by controlling the enabling time of the input signal of a shift register, which reduces the system resources significantly.
The rest of the paper is organized as follows. The principles of ultrasound-based tactile feedback and technical support are presented in Section II. The proposed method and its errors are described in Section III. The experimental results are presented in Section IV. Finally, the conclusions are offered in Section V.
II. PHYSICAL PRINCIPLE
This section introduces the basic principles of ultrasoundbased tactile feedback technology and technical support.
A. ACOUSTIC RADIATION PRESSURE
Ultrasound tactile feedback technology is based on a nonlinear characteristic of ultrasound, that is, the acoustic radiation pressure [23] , [24] . The acoustic radiation pressure denotes an average forward pressure generated by an incident sound on an obstacle when the sound propagates in a fluid medium. The human body cannot perceive the ultrasound beam emitted by a single transducer, but when multiple ultrasound beams intersect in a 3D space, a tactile feedback that the human body can perceive can be generated.
The radiation pressure P is proportional to the square of the sound pressure p, which is expressed by [25] , [26] :
where E [J/m 3 ] denotes the density of ultrasound energy, I [W/m 2 ] denotes the sound intensity, c [m/s] denotes the speed of the sound, p [Pa] denotes the RMS sound pressure of the ultrasound, ρ [kg/m 3 ] denotes the density of a medium, and α denotes a constant ranging from 1 to 2. If the object surface perfectly reflects the incident ultrasound, then α = 2, and if it absorbs the entire incident ultrasound, then α = 1. Equation (1) suggests that the spatial distribution of a radiation pressure P can be controlled by synthesizing the spatial distribution of ultrasound p.
B. PULSE WIDTH MODULATION
From the viewpoint of human tactile properties, a bandwidth of up to 1 kHz is sufficient for tactile sensing [27] . Since the ultrasound frequency is higher than 20 kHz, which the human body cannot perceive, an appropriate frequency f 0 should be selected from 1 Hz ∼ 1000 Hz to modulate the driving signal of a transducer [28] . A rectangular wave is easy to generate, and no additional D/A conversion circuit is required, so the system circuit is effectively simplified. Therefore, the pulse width modulation (PWM) technique is used to modulate the driving signal. The resonant frequency of an ultrasound transducer is f c , and the driving signal V (t) [V] can be expressed as:
The effect of a change in the duty cycle of a driving signal on the output sound pressure and radiation pressure. V (t ) denotes the driving signal, p(t ) denotes the sound pressure, and P R (t ) denotes the acoustic radiation pressure.
where V m [V] denotes the amplitude of a rectangular wave, T [s] denotes the period of the rectangular wave, T = 1/f c , β denotes the duty cycle of the rectangular wave, and r denotes a random integer. The amplitude of the fundamental frequency component
Equation (3) shows that the 50-percent duty cycle (i.e., β = 1/2) provides the maximum carrier amplitude. The output sound pressure is proportional to a 1 because the driven device represents a resonator, and accordingly, the resulting acoustic radiation pressure is proportional to |sin(πβ)| 2 [9] .
Therefore, the intensity of the acoustic radiation pressure can be changed by controlling the duty cycle of a driving signal of a transducer. When the duty cycle of a driving signal is equal to 50%, the acoustic radiation pressure generated by the system is the highest; otherwise, the acoustic radiation pressure generated by the system is reduced.
In addition, because the resonant frequency of an ultrasound transducer is much higher than the perceptual frequency of the human body, the PWM technique can control an ultrasound tactile feedback system, producing various kinds of texture feelings and providing users with a variety of experiences and a better sense of immersion.
The effect of a change in the duty cycle of the driving signal on the output sound pressure and radiation pressure is depicted in Fig. 1 , wherein it is seen that the duty cycle of the driving signal V (t) affects the amplitude of the output sound pressure p(t), and the waveform of the acoustic radiation pressure P R (t) represents an envelope of the output sound pressure p(t). This shows that the PWM technique can be used to adjust the waveform of acoustic radiation pressure by controlling the change in the duty cycle of the driving signal to generate different texture feelings to meet different needs and enhance the sense of immersion [16] .
III. ULTRASOUND FOCUSING METHOD
This section introduces the proposed method and analyzes its error. 
A. HARDWARE ARCHITECTURE
The block diagram of an ultrasound tactile feedback system is shown in Fig. 2 . As presented in Fig. 2 , this system consists of a calculation module, a control module, a drive module, and an ultrasound transducer array.
The calculation module is mainly composed of a digital signal processor (DSP) and memory. The DSP receives coordinates of the focal point sent by a PC, calculates and quantifies the delay time of a driving signal of each transducer of an ultrasound transducer array, and then transmits the results to the control module.
The control module mainly consists of a Field Programmable Gate Array (FPGA) and memory. The FPGA receives the delay data of the driving signal sent by the calculation module and generates the driving signal of the ultrasound transducer. Then, a shift register is used to realize the delay control of the driving signal of each channel according to the delay data.
The drive module is composed of M×N identical drive circuits, which amplify the output driving signal to provide sufficient energy for the ultrasound transducer to achieve tactile feedback in a 3D space.
The ultrasound transducer array is an M×N array, corresponding to M×N ultrasound channels. By controlling the time when each ultrasound transducer in the array starts to emit an ultrasound, the phase of the ultrasound emitted by all the transducers is superimposed at the focal point to generate tactile feedback that can be perceived by the human body.
B. FOCUSING METHOD
The proposed method uses a shift register to realize the delay control of the driving signal of each transducer in an array. The specific steps are delay time calculation, delay time quantification, driving signal generation, shift register setting, and delay control. All the steps are explained in the following.
1) DELAY TIME CALCULATION
The calculation module calculates the delay time of the driving signal of each channel of an ultrasound transducer array according to the coordinates of the focal point P (x, y, z) sent by a PC. The calculation principle is illustrated in Fig. 3 , and it is explained in the following. a) Calculate the time t mn required by the ultrasound emitted by a transducer S mn (x m , y n, 0) of an ultrasound transducer array to reach the focal point by:
where S mn (x m , y n ,0) denotes the coordinates of the m throw and n th -column transducers in the ultrasound transducer array,
where d is the distance between the centers of two adjacent ultrasound transducers, and c is the speed of the sound. b) Determine the maximum arrival time t max of the ultrasound by:
c) Calculate the delay time τ mn of the driving signal of each channel of the ultrasound transducer array by:
2) DELAY TIME QUANTIFICATION
The calculation module quantifies the delay time of the driving signal as the number of cycles of the delay control clock CLK_DELAY and obtains the delay data of the driving signal Data mn by:
where f Delay represents the frequency of the delay control clock, and · represents the round-up operation. The delay control clock CLK_DELAY is a quantized clock of the delay time of a driving signal. In addition, as a shift clock of a shift register, the delay unit δ is a reciprocal value of the clock frequency, which is expressed as:
The control module generates the driving signal of an ultrasound transducer using clock division, and the specific method is as follows. a) Select an appropriate frequency f 0 from the range 1 Hz-1000 Hz to modulate the transducer resonant frequency signal x c (i). b) The control module uses the delay control clock to generate the modulation signal x 0 (i) and transducer resonant frequency signal x c (i) by the clock division, which can be expressed as:
where T c , T 0 , β c , and β 0 denote the digit periods and the duty cycles of signals x c (i) and x 0 (i), respectively;
and r denotes an arbitrary integer. c) The driving signal x Drive (i) is obtained by combining the two signals, x c (i) and x 0 (i), which is given by:
where & denotes the bitwise AND operation on two signals.
4) SHIFT REGISTER SETTING
The control module sets the length of a shift register of each channel according to the delay data of the driving signal and initializes it. The specific method is illustrated in Fig. 4 , and its steps are as follows. a) The control module sets the length of the shift register of the mn-channel (L mn ) according to the delay data of the driving signal. The shift register contains L mn bits (i.e., Bit0 to Bit(L mn -1)), and the length of the shift register of the mnchannel is expressed as:
b) The shift register of the mn-channel is initialized, and the content of the shift register is set to 0.
5) DELAY CONTROL
The control module generates the input signal of a shift register and uses the delay control clock CLK_DELAY as a shift clock of shift registers. The shift register of each channel shifts each clock once. After L mn clock cycles, the shift register outputs the delayed signal, realizes the delay control of the multichannel signal, and completes ultrasound focusing. The specific method is as follows. a) After setting the shift register of each channel, the control module pulls up the enable signal x En (i). The input signal of a shift register x In (i) is obtained by combining signals x En (i) and x Drive (i), which is expressed by:
where & denotes the bitwise AND operation on the two signals.
The input signal of the shift register is shown in Fig. 5 . The focusing duration can be adjusted by controlling the duration of the high level of the enable signal. The focusing duration is expressed as:
where k denotes the number of periods of the delay control clock corresponding to the duration of the high level of the enable signal. Assume the frequency of a delay control clock is f Delay = 2 MHz; if a 40 kHz driving signal x c (i) and a 200 Hz modulation signal x 0 (i) are to be generated, the delay control clock needs to be divided by 50 and 10,000, which can be implemented with a counter. Taking the 40 kHz signal x c (i) as an example, the count value CNT starts from zero. When the count value is 0 ≤ CNT < 25 (i.e., less than half of the division value), the signal x c (i) is 1. When 25 ≤ CNT < 50 (i.e., greater than or equal to half of the division value and less than the division value), the signal x c (i) is 0, and the counter returns to zero. The signals x c (i) are generated followed by recycling. Similarly, a 200 Hz modulated signal x 0 (i) can be generated. The enable signal x En (i) is also realized by the counter. When the shift register has not been set, x En (i) is 0. When the shift register setup is complete, x En (i) is 1. At the same time, the counter starts counting. When the count value is k, x En (i) is 0. The driving signal of the ultrasound transducer measured by oscilloscope is shown in Fig. 6 . The frequencies of x c (i) and x 0 (i) in Fig. 6(a) are 40 kHz and 200 Hz, respectively. Fig. 6(b) shows a partial enlarged drawing of the signal x c (i) in Fig. 6(a) . b) Use CLK_DELAY as a shift clock. After the signal x In (i) enters the shift register of each channel, delay control is started. Because signal x In (i) is enabled after setting the shift registers, and all the shift registers use the same signal x In (i), the delay control of all the channels can start simultaneously.
c) The structure of a shift register of the mn-channel is shown in Fig. 7 , wherein it can be seen that it consists of L mn triggers (i.e., D 0 to D Lmn−1 ), and clock CLK_DELAY is the shift clock. d) When the rising edge of clock CLK_DELAY arrives, trigger D 0 collects and stores the first data of signal x In (i). e) When the next rising edge of clock CLK_DELAY arrives, the data in trigger D 0 move to trigger D 1 , and trigger D 0 collects and stores the second data of signal x In (i). f) When the next rising edge of clock CLK_DELAY arrives, the data in trigger D 1 move to trigger D 2 , the data in trigger D 0 move to trigger D 1 , and trigger D 0 collects and stores the third data of signal x In (i). g) Accordingly, the data in trigger D Lmn−2 move to trigger D Lmn−1 , and trigger D 0 collects and stores the L th mn data of signal x In (i). h) When the next rising edge of clock CLK_DELAY arrives, the trigger D Lmn−1 removes the data (i.e., the first data of signal x In (i)) because of reaching the length of a shift register. Trigger D 0 collects and stores the (L mn +1) th data of signal x In (i). i) Repeat steps d) -h) to complete the delay output of the mn-channel signal. j) Use the same clock CLK_DELAY as a shift clock of shift registers of all the channels. Signal x In (i) is delayed corresponding to the clock cycles (i.e., L mn clock cycles) by conducting steps d) -i), and then the delayed signal is output to achieve the delay control of a multichannel signal. The diagram of a multichannel signal delay control is shown in Fig. 8 .
C. ERROR ANALYSIS
Although the proposed method can achieve ultrasound focusing, the focusing accuracy and the diameter of the focal point are affected by many factors. In the following, the errors of the proposed method and their effects are analyzed.
Errors can occur in the quantization of the delay time of a driving signal of an ultrasound transducer. Assume the frequency of a delay control clock is f Delay = 2 MHz, and the delay unit is δ = 1/f Delay = 0.5 µs. The minimum quantized value of the delay time of the driving signal of each channel of an ultrasound array is 1, that is, the minimum interval between the times when two transducers on the array start emitting the ultrasound is 0.5 µs.
Equation (7) shows that the delay time of a driving signal is rounded up after the quantification, making the time when each channel transducer starts to emit an ultrasound inconsistent with its theoretical value. As a result, the phase of the ultrasound emitted by each channel cannot be completely superimposed at the focal point, and phase cancellation may be achieved, thus reducing the intensity of the focal point and increasing its diameter.
This kind of error can be reduced by increasing the frequency of the delay control clock. That is, the higher the frequency of a delay control clock is, the smaller the delay unit, the smaller the difference between the time when the ultrasound transducer starts to emit the ultrasound and the corresponding theoretical time, and the smaller the difference between the phase of the ultrasound emitted by each ultrasound transducer when ultrasound is superimposed at the focal point. Compared with the case of a lower frequency of delay control clock, even when the rounding error occurs in the quantization process, using the higher frequency of a delay control clock can reduce the difference between the time when the transducer starts to emit the ultrasound and the corresponding theoretical time; thus, the effect of the error on the phase superposition at the focal point is reduced, generating a smaller and stronger focal point. Therefore, increasing the frequency of a delay control clock can effectively improve the focusing accuracy and reduce the error.
Hence, the error of the proposed method mainly occurs in the quantification stage of the delay time of a driving signal, which significantly affects the focal point intensity and focusing accuracy. This error can be reduced by increasing the frequency of a delay control clock. However, the higher the frequency of a delay control clock is, the smaller the delay unit will be. By reducing the delay unit, the quantization value of the delay time of a driving signal will increase, causing an increase in both the shift register length and occupation of system resources.
Therefore, how to address the relationship between the occupation of system resources and focusing accuracy will be a part of our future work.
D. LIMITATION
The limitation of the proposed method is mainly related to the duty cycle of the output signal.
The control module uses the shift register to realize the delay control of a multichannel signal. The shift register collects and stores the input data at the rising edge of the delay control clock. Since the input signal is obtained by combining several signals generated using the clock division of the delay control clock, the phase of the input signal slightly lags behind that of the delay control clock. Assume the frequency of the delay control clock is f Delay = 2 MHz, the delay unit is δ = 1/f Delay = 0.5 µs, and the driving signal of the ultrasound transducer is a 40-kHz rectangular wave that is modulated by a 200-Hz rectangular wave whose duty cycle and amplitude are 50% and 20 V, respectively. The period of the delay control clock is 0.5 µs, and the period of a 40 kHz signal is 25 µs. Then, the shift register needs 50 clock cycles to collect the 40 kHz signal of the cycle, as shown in Fig. 9(a) .
As mentioned in Part B of Section II, when the duty cycle of a driving signal is 50%, the acoustic radiation pressure generated by a system is the highest; otherwise, the acoustic radiation pressure generated by a system is reduced. The waveform of the acoustic radiation pressure can be adjusted by controlling the change in the duty cycle of a driving signal to generate a different texture feeling. In designing the waveform of the acoustic radiation pressure by controlling the duty cycle of a driving signal, the minimum change in the duty cycle of the output signal will directly affect the waveform smoothness of the acoustic radiation pressure. The smaller the minimum change in the duty cycle of the output signal is, the smoother the waveform of the acoustic radiation pressure will be; if the minimum change is too large, the waveform of the acoustic radiation pressure will be stair-shaped, as shown in Fig. 1 .
The frequency of the delay control clock has a great effect on the duty cycle of the output signal. The frequency of the delay control clock used in the control module directly determines the minimum change in the duty cycle of the output signal, which can be expressed as:
When f c = 40 kHz, and f Delay = 2 MHz, the minimum change in the duty cycle of the output signal is α = 0.5 µs/25 µs × 100% = 2%, which means that the duty cycle of the output signal can only be an integer multiplication of α. When the duty cycle of the input signal is not an integer multiplication of α, as shown in Fig. 9(b) , the duty cycle is 0.75 µs/25 µs = 3%, and since the period of the shift clock is 0.5 µs, the duty cycle of the output signal will still be an integer multiplication of α, as shown in Fig. 9(b) , where the duty cycle is 0.5 µs/25 µs × 100% = 2%.
In addition, because the phase of the input signal slightly lags behind that of the delay control clock when the duty cycle of the input signal is smaller than α, as shown in Fig. 9(c) , the duty cycle is 0.25 µs/25 µs = 1%, so the shift register will not be able to recognize the high level of the input signal between two consecutive rising edges and maintain the output signal at a low level, as shown in Fig. 9(c) . Therefore, when designing the waveform of the acoustic radiation pressure, it is necessary to ensure that the minimum duty cycle of the driving signal of the ultrasound transducer is greater than or equal to α.
By increasing the frequency of the delay control clock, the minimum change in the duty cycle of the output signal can be reduced, the waveform smoothness of the acoustic radiation pressure can be improved, and the delicacy of texture feeling can be enhanced.
IV. EXPERIMENTS AND RESULTS
In this section, the feasibility of the proposed method is verified by experiments. The spatial distribution of the sound pressure around the focal point is measured, and the experimental results are analyzed.
A. EXPERIMENTAL SETUP
The ultrasound tactile feedback system used in the experiments is presented in Fig. 10 .
As shown in Fig. 10 , the system consisted of a calculation module, a control module, a drive module, and an ultrasound transducer array.
The calculation module was mainly composed of a digital signal processor (DSP) and memory; the DSP was a TMS320C6748, and the system clock was 456 MHz. The delay data of the driving signal were sent to the control module through the universal parallel port (uPP) module, and the sending clock was 57 MHz.
The control module mainly consisted of an FPGA and memory. The FPGA was a Spartan-6 series XC6SLX75. The FPGA was supplied with a 24 MHz clock signal. The drive module was composed of 18×18 = 324 identical drive circuits, and each drive circuit used the gate driver to drive the ultrasound transducer. The driver type was IXDN602, and the amplitude of the output signal was 20 V.
The ultrasound transducer array was composed of 324 ultrasound transducers arranged into an 18×18 array structure. The transducer type was an MA40S4S (MURATA Co., Ltd.), with a diameter of 10 mm and a resonant frequency of 40 kHz. The array aperture was 180 mm×180 mm.
B. RESOURCE ANALYSIS
The FPGA (Spartan-6 series XC6SLX75) was used to realize the delay control of 324 channel signals using the shift register and counter. The system resources of using shift registers and counters were analyzed. The method of using a counter generated the driving signal in real time. When the counter reached the preset value, the clock division module was activated by the enabling signal to generate the driving signal of the transducer.
The results of the occupation of various resources by the two methods can be seen in the synthesis report of ISE Design Suite software provided by Xilinx. Table 1 shows the occupation of various resources by the two methods. In Table 1 , the percentage represents the proportion of resources used to the total resources. As seen in Table 1 , when the number of channels was 324, the method based on the counter occupied more resources than that based on the shift register.
The Look-Up- Table ( LUT) resources of the method using the counter were all used as logic resources (22, 291) , indicating that this method required more logic resources but fewer memory resources because all the channels generated the driving signal independently. The LUT resources of the method based on the shift register were mostly used as memory resources (10, 368) , and a small portion of them were used as logic resources (3, 859) , which indicated that the proposed method needed more memory resources but required fewer logic resources. 
C. SPATIAL DISTRIBUTION
In this section, we present the measured spatial distribution of the sound pressure around the focal point generated by the proposed method.
To measure the spatial distribution of the sound pressure around the focal point, we used the setup shown in Fig. 11 . The ultrasound array was fixed on the table. The radiation surface of the array faced upward. The framework was placed on the same table. A standard microphone (Brüel & Kjaer Type 4939 with a preamplifier, Type 2670, with a sensitivity of 4.0 mV/Pa) was attached to the framework, which was perpendicular to the transducer array. The center of the first-row first-column transducer in the transducer array was taken as a coordinate origin, and the position of the focal point was set to (x, y, z) = (90 mm, 90 mm, 200 mm), which was 200 mm above the transducer array center. The height of the microphone probe was fixed at 200 mm, and it was in the same plane as the focal point. The microphone could move along the plane depending on where the focus was.
The driving signal of the ultrasound transducer was a 40-kHz rectangular wave modulated by a 200-Hz rectangular wave whose duty cycle and amplitude were 50% and 20 V, respectively.
Three groups of experiments were conducted to measure the spatial distribution of the sound pressure around the focal point at delay control clocks of 1 MHz, 2 MHz and 4 MHz. The results are shown in Fig. 12 , where the sound pressure is normalized by the maximum value.
As Fig. 12 shows, in each case, one focal point was generated, and its diameter was approximately 30 mm, 26 mm, and 20 mm at delay control clocks of 1 MHz, 2 MHz, and 4 MHz, respectively. There were side lobes around the main lobe, but they were not symmetric. The results show that the higher the frequency of the delay control clock was, the smaller the error and the diameter of the focal point were.
Thus, increasing the frequency of the delay control clock reduced the error and improved the focusing accuracy. However, the higher the frequency of the delay control clock was, the smaller the delay unit was, so the quantization value of the delay time of the driving signal could increase, leading to an increase in the length of the shift registers. This could further increase the occupation of system resources and lead to high power consumption. Therefore, how to address the relationship between the occupation of system resources and focusing accuracy will be a part of our future work.
In addition, as mentioned in Part B of Section II, the waveform of the acoustic radiation pressure can be adjusted by controlling the change in the duty cycle of a driving signal. We conducted an experiment on the effect of a change in the duty cycle of the driving signal on the output sound pressure. We measured the waveform of the driving signal and the output sound pressure when the duty cycle of the driving signal is constant at 50% and changes according to a sinusoidal wave.
The effect of a change in the duty cycle of the driving signal on the output sound pressure measured by the oscilloscope is depicted in Fig. 13. Fig. 13(a) shows a case in which the duty cycle of the driving signal is constant at 50%, while Fig. 13(b) shows a case in which the duty cycle of the driving signal changes according to the sinusoidal. It can be seen from Fig. 13 that when the duty cycle of a driving signal is equal to 50%, the sound pressure generated by the system is the highest; otherwise, the sound pressure generated by the system is reduced. The waveform of acoustic radiation pressure can be controlled by controlling the change in the duty cycle of the driving signal because the waveform of the acoustic radiation pressure is the envelope of the sound pressure. The experimental results agree with the theory in Part B of Section II.
V. CONCLUSION
In this paper, a multichannel ultrasound focusing delay control method based on a variable-length shift register is proposed. The proposed method can realize the delay control of the driving signal of each transducer in an ultrasound transducer array and achieve ultrasound focusing. The proposed method uses only one shift register to achieve ultrasound focusing without using additional hardware circuits and occupies fewer system resources. While collecting and storing the input data, the shift register moves the stored data to the right, and the delay control of driving signals of all the channels can start simultaneously by controlling the enabling time of the input signal of the shift register, which reduces the system resources.
The error and limitation of the proposed method and their effect on the output signal are also analyzed. The spatial distribution of the sound pressure around the focal point is measured at delay control clocks of 1 MHz, 2 MHz, and 4 MHz. The result shows that the higher the frequency of the delay control clock is, the smaller the error and the diameter of the focal point are. Accordingly, increasing the frequency of the delay control clock can reduce the error of this method and improve the focusing accuracy.
In the proposed method, the higher the frequency of the delay control clock is, the smaller the minimum delay unit is, the higher the focusing accuracy is, and the smaller the error is. However, the length of a shift register of each channel also increases, which increases the occupation of system resources and power consumption.
The proposed method can be applied to the humancomputer interaction, virtual reality, and augmented reality fields. The relationship between the focusing accuracy and occupation of system resources and error reduction will be a part of our future work.
